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Accumulating data generated from persons who naturally control HIV without the need
for antiretroviral treatment has led to significant insights into the possible mechanisms of
durable control of AIDS virus infection. At the center of this control is the HIV-specific CD8
T cell response, and the basis for this CD8-mediated control is gradually being revealed.
Genome wide association studies coupled with HLA sequence data implicate the nature
of the HLA-viral peptide interaction as the major genetic factor modulating durable control
of HIV, but host genetic factors account for only around 20% of the variability in control.
Other factors including specific functional characteristics of theTCR clonotypes generated
in vivo, targeting of vulnerable regions of the virus that lead to fitness impairing muta-
tions, immune exhaustion, and host restriction factors that limit HIV replication all have
been shown to additionally contribute to control. Moreover, emerging data indicate that
the CD8+T cell response may be critical for attempts to purge virus infected cells following
activation of the latent reservoir, and thus lessons learned from elite controllers (ECs) are
likely to impact the eradication agenda. On-going efforts are also needed to understand and
address the role of immune activation in disease progression, as it becomes increasingly
clear that durable immune control in ECs comes at a cost. Taken together, the research
achievements in the attempt to unlock the mechanisms behind natural control of HIV will
continue to be an important source of insights and ideas in the continuous search after an
effective HIV vaccine, and for the attempts to achieve a sterilizing or functional cure in HIV
positive patients with progressive infection.
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INTRODUCTION
As the vigorous research of elite controllers (ECs) continue to
unveil the various mechanisms behind durable and natural control
of HIV, a complex image that includes different factors is exposed.
Part of this milieu are components of the adaptive immune sys-
tem, mainly CD8+ and CD4+ T cells, innate immune responses
and cellular restriction factors, as well as specific characteristics
of the infecting virus itself (reviewed in Deeks and Walker, 2007).
CD8+ T cells were repeatedly found as one of the major contribu-
tors to natural control of HIV. Genome wide associations studies
consistently recognized the HLA peptide-binding grove (which
binds to the CD8+ T cell receptor, as well as to receptors on other
cells of the immune system) as one of the central genetic associa-
tions with HIV disease outcome (Fellay et al., 2007; International
HIV Controllers Study et al., 2010). Specific qualities of CD8+ T
cells from EC were recognized including their ability to inhibit
HIV replication ex vivo (Sáez-Cirión et al., 2007), to deliver cyto-
toxic granules to HIV infected target cells (Migueles et al., 2008),
to proliferate better (Migueles et al., 2002) and to exhibit multiple
effector functions at the same time (“polyfunctionality”) (Betts
et al., 2006; Ndhlovu et al., 2012a). It was also demonstrated that
CD8+ T cells from EC tend to be more cross-reactive (recognizing
virus variants and mutants) (Kosmrlj et al., 2010) and to prefer-
entially target more conserved and vulnerable parts of the HIV
virus (where the virus pays a higher fitness cost in order to escape
from the immune pressure exerted by cytotoxic T cells, CTL; Miura
et al., 2009).
It has been shown that CD4+ T cells from EC tend to be more
polyfunctional, produce more IL-2, and proliferate better (Dyer
et al., 2008; Ferre et al., 2010; Vingert et al., 2010). A few studies
have also demonstrated that CD4+ T cells from EC have reduced
permissiveness to HIV infection (Graf et al., 2011; Sáez-Cirión
et al., 2011). In that context, it was recently described that cell
restriction factors might contribute to the lesser vulnerability of
CD4+ T cells of EC to HIV infection and replication (Chen et al.,
2011). To that we should add the numerous reports that demon-
strated important contributions of the innate immune system to
elite control including natural killer (Lambotte et al., 2009; Vieil-
lard et al., 2010) and dendritic cells (Huang et al., 2010; Barblu
et al., 2012), as well as the contribution of special characteristics
of the infecting virus itself (Miura et al., 2010).
Despite the impressive achievements in the field of EC research,
our understanding of the mechanisms behind natural control
of HIV is still substantially lacking, and the unknown is likely
far greater than the known. In this review we examine these
achievements in light of their potential contribution to future
strategies for prevention and treatment, including vaccine design
and attempts for a functional or sterilizing cure. In this way we
www.frontiersin.org June 2013 | Volume 4 | Article 162 | 1
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Shasha and Walker Lessons from research of elite controllers
try to demonstrate that the research of EC goes beyond a pure
academic exercise. We emphasize lessons learned from the find-
ings achieved to date and their implications in planning the future
steps in the research of this unusual group of patients.
LESSON I – FROM IMMUNOLOGY OF ELITE CONTROLLERS TO
HIV VACCINE DESIGN
A major motivation behind the intensive study of EC is the inten-
tion to support the development of an effective HIV vaccine. If we
closely examine the insights achieved by the study of EC during the
past two decades we can see that several important immune corre-
lates were added to our toolkit to help evaluate vaccine candidates,
and some important principles learned can shed light on some of
the failures and successes in the field of HIV vaccine research.
In Merck’s phase IIb efficacy (STEP) trial, a replication-
defective adenovirus construct (Ad5) containing Gag, Pol, and Nef
genes was designed to induce T cell immune responses. The study
was prematurely halted as it failed to demonstrate protection from
acquisition of infection or to influence post infection viral load
(Buchbinder et al., 2008). Indeed, early analysis suggested that the
vaccine increased the risk of acquisition. A few principles learned
in EC can be demonstrated when examining this important clinical
trial. The failure of the vaccine was a surprise, mainly because of
positive indications of immunogenicity in earlier phases of the
vaccine or similar approaches in non-human primates (Shiver
et al., 2002; Priddy et al., 2008), and the understanding that T
cells play a central role in natural control of HIV, as demonstrated
earlier through CD8+ T cell depletion experiments in an animal
model of AIDS virus infection (Jin et al., 1999; Schmitz et al.,
1999), and by the strong association between certain HLA class I
alleles and disease outcome (Fellay et al., 2007; International HIV
Controllers Study et al., 2010). The major correlate of protection
used to evaluate cell-mediated immune responses in the STEP
study was interferon-γ enzyme-linked immunosorbent spot assay
(ELISPOT). Such responses were not expected to prevent infection
but rather to reduce steady state viremia, but despite induction
of these responses, there was no enhanced control of set point
viremia following infection (Buchbinder et al., 2008). Interferon-
γ-secreting HIV-specific T cells were detected by ELISPOT in the
majority of vaccinees, with similar proportion of responders both
in those that eventually became infected and those who remained
HIV negative (McElrath et al., 2008). Like this vaccine trial, there
is no correlation between cellular immune responses measured by
ELISPOT assays and clinical outcome (mainly viral load) in sev-
eral studies looking at EC, yet the clear association of certain HLA
alleles with control suggests that CD8+ T cell responses play a role
(Betts et al., 2001; Addo et al., 2003). The responses measured in
the vaccinees in the STEP trial were significantly narrower and
of lower magnitude in comparison to responses in EC (McElrath
et al., 2008) or in monkeys achieving virologic control after vacci-
nation with adenovirus vector-based SIV vaccine (Barouch et al.,
2012). But in that context it should be emphasized that the mag-
nitude and breadth of responses in ELISPOT assays were shown to
be a poor predictor of HIV control (Betts et al., 2001), and in fact,
it was demonstrated that CD8+ T cell responses in EC are usually
narrower and more focused on specific epitopes, especially in Gag
(Migueles et al., 2000). In the STEP trial, on the other hand, CD8+
T cell responses were more commonly directed toward Pol and
Nef than toward Gag (McElrath et al., 2008). Another major dif-
ference between vaccinees in the STEP trial and subjects naturally
controlling HIV lies in the way CD8+ T cells exhibit their effector
functions. While several studies have shown that an effective T cell
response in EC is usually polyfunctional (i.e., CD8+ T cells are able
to produce multiple cytokines simultaneously) (Betts et al., 2006),
in the STEP trial most vaccine-induced CD8+ T cells produced
interferon γ alone or in combination with TNFα only (McElrath
et al., 2008).
It’s also worth noticing that in the STEP trial only 41% of
the vaccinees developed HIV-specific CD4+ T cells that have the
potential to support and maintain long-term antiviral CD8+ T
cell memory, and only 31% mounted both CD4+ and CD8+ HIV-
specific T cells (McElrath et al., 2008). The ability to induce and
maintain effective memory is probably one of the central charac-
teristics expected from an effective vaccine. This principle is also
important for natural control of HIV, and favorable characteris-
tics of T cell memory have been demonstrated in EC (Ndhlovu
et al., 2012b). It has been shown that EC show both effective and
functional memory responses, and that central-memory (TCM)
and effector memory (TEM) CD4+ T cells in EC are less suscep-
tible to apoptosis and persist longer after repeated stimulations
as compared to aviremic HIV infected subjects treated with anti-
retroviral treatment (van Grevenynghe et al., 2008). Furthermore,
it has been recently shown that TEM are the most effective CD8+ T
cell sub-population at suppressing viral replication in EC (Buck-
heit et al., 2012). In contrast to states of high antigen load (as
is expected in uncontrolled HIV infection), it has been shown
that memory cells in states of lower antigen load are able to per-
sist longer, show lower degree of senescence, higher proliferative
capacity, and therefore better functional properties (West et al.,
2011). Therefore, EC are likely to be an important indicator for
the desired way of maintaining memory CD4+ and CD8+ T cells.
The relevance of these findings to vaccine research was demon-
strated in a recent proof-of-concept study in which researchers
have used an SIV protein-encoding vector based on rhesus
cytomegalovirus (Hansen et al., 2009, 2011). By using a persis-
tent vector that leads to a controlled, continuous level of anti-
gen expression, robust SIV-specific CD4+ and CD8+ TEM cell
responses were primed and maintained. This approach led to
impressive protection from acquisition (significantly higher num-
ber of challenges needed to cause infection), and importantly to
control of post infection viremia in the monkeys, a state that may
be similar to elite control or functional cure in humans. The effec-
tiveness of this new approach (in NHP at this stage) renders great
hope in the field of HIV vaccine research (Walker et al., 2011). In
contrast to older strategies (as that used in the STEP trial) when a
non-persistent vector is used and TCM is the predominant mem-
ory population elicited, this new strategy leads to development
and maintenance of a potent TEM population, thus a faster and
more effective systemic and mucosal T cell responses develop. Our
own data show that the HIV-specific TEM population in EC pre-
dominates and is less prone to apoptosis/deletion as compared to
CP (unpublished data).
Although extrapolation of immune correlates of protection in
chronic HIV infection to predict protection in vaccine trials might
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be misleading, the field of HIV vaccine development desperately
needs better-defined immune measures that are able to predict
vaccine efficacy. The study of ECs, by detailed dissection of the
components that lead to natural control, added several such cor-
relates, and it would be reasonable to assume that some of them
would be considered in future clinical trials. This includes the abil-
ity of CD8+ T cells to directly inhibit HIV replication ex vivo, their
ability to proliferate, and to exhibit polyfunctional effector profile,
as well as the composition of the memory subsets induced.
LESSON II – ELITE CONTROLLERS, FUNCTIONAL CURE, AND
HIV ERADICATION
The most prominent characteristic of EC, complete suppression of
the viremia to undetectable levels, can be easily achieved by com-
bination antiretroviral treatment. But some unique and desirable
features in EC are absent in non-controllers treated with HAART.
Obviously, in contrast to EC, the suppression of the viremia in
HAART treated patients requires lifelong medications that are
both expensive, and carry the risk for toxicity. Until recently, treat-
ment interruptions universally resulted in viral rebound, and lack
of adherence carries the risk for emergence of resistant virus that
further complicates the therapeutic regimen. Life expectancy has
never been compared between a cohort of untreated EC and non-
controllers treated with antiretrovirals, but it has been demon-
strated that subjects naturally controlling HIV have smaller HIV
reservoirs compared to progressors treated with HAART (Graf
et al., 2011; Buzon et al., 2012), and that recovering virus from EC
seems to be more difficult as compared to HAART treated patients
(Julg et al., 2010). Therefore, it appears as EC are an excellent
model of functional cure, a state in which the virus is maximally
suppressed, although not cleared, and the integrity of the immune
system is maintained relatively intact by the patient’s own defense
mechanisms and without the need for life long medications.
Elite controllers inspired researchers to try to induce a similar
state of control in infected subjects that do not control the infec-
tion spontaneously, and research is on its way in that direction.
The most encouraging attempt in that direction was achieved in
patients treated with antiretrovirals shortly after infection. In a
recent report from France 12 patients out of 75 (16%) who started
combination antiretroviral treatment within 10 weeks after HIV
infection kept their viral load<50 copies/ml for more than 6 years
after discontinuing the antiretroviral treatment (Hocqueloux et al.,
2010; Bacchus et al., 2012). The prevalence of elite control in that
intervention group was more than 30-fold higher compared to
a cohort of non-selected HIV infected individuals (in which the
frequency of EC is usually <0.5%). In contrast to EC, the acutely
treated cohort was not enriched with protective HLA alleles like
HLA-B57 or B27, but rather with HLA-B35, which is associated
with rapid disease progression (Carrington et al., 1999), but the
reservoir (HIV DNA) in treated patients becoming controllers had
similar characteristics compared to EC in terms of magnitude and
distribution.
The principle of early treatment was also employed in an
interesting case of congenital HIV infection, in which immedi-
ate treatment after birth with a full dose antiretroviral regimen
led to sustained suppression of viral replication despite prolonged
treatment discontinuation (Persaud et al., 2013). These cases of
early treatment differ in the approach taken compared to other
early intervention studies in both children and adults, in which
pulse therapy was largely used, and duration of treatment was
much briefer in these patients who did not control after treatment
discontinuation (Kaufmann et al., 2004; Fortuny et al., 2011).
It would be important to reveal the mechanisms involved
in inducing a state of viral control in patients not harboring
protective HLA alleles treated early during the course of acute
infection. In a study by our group interesting insights came up
from close examination of the transition from acute to chronic
controlled infection (Miura et al., 2010). Looking at a cohort of
acutely infected subjects not enriched with protective HLA alle-
les that eventually became HIV controllers significantly higher
prevalence of drug resistance or CTL escape mutations associated
with impaired viral fitness was found in controllers compared to
non-controllers. This work implies that the characteristics of the
transmitted virus itself can dictate the fate of the infection natural
course. Further examination of the mechanisms leading to elite
control after acute infection would broaden our understanding of
the way patients become ECs and ways to intervene and induce
such a state.
Lessons learned from EC are also influencing cure strategies
involving gene therapy. The class I HLA alleles B57 and B27 are
the most recognized genetic elements associated with HIV con-
trol, and recently several studies have demonstrated that HLA-B27
and B57 restricted TCR clonotypes from EC have superior ability
to suppress HIV-1 replication in vitro (Chen et al., 2012), greater
cross-reactivity to epitope variants (Chen et al., 2012; Ladell et al.,
2013) and enhanced loading and delivery of perforin in com-
parison to HLA-B27 and B57 restricted TCR clonotypes form
non-controllers (Chen et al., 2012). Researchers are now exam-
ining the possibility to modulate the TCR repertoire of patients
not carrying protective HLAs, or having immunodominant non-
effective TCR clonotypes by TCR gene transfer (Varela-Rohena
et al., 2008; Barsov et al., 2011; Hofmann et al., 2011). By doing
that, the purpose is to provide CD8+ T cells clones with all the
superior characteristics recognized in patients controlling HIV.
This idea was proven promising in an animal model at this stage,
but active research is still on its way. While adoptive transfer of
ex vivo-expanded autologous or allogeneic HIV-1-specific CTLs
into HIV-1-infected individuals had minimal effect on HIV-1 viral
load (Lieberman et al., 1997; Tan et al., 1999; Bolton et al., 2010),
as the immunodominant CTL clones in patients with progressive
infection are usually exhausted and more susceptible to apopto-
sis, transduction of primary CD8+ T cells with TCR genes from
Gag specific clone harboring potent inhibition capacity led to an
impressive in vivo inhibition of HIV in a mouse model (Joseph
et al., 2008). This exciting idea is awaiting further evaluation in
NHP models and in humans.
The use of genetic engineering in the field of HIV cure research
has received inspiration from some other findings in EC and by
examining mechanisms involved in viral entry. It is well established
that a 32 base pair deletion in the HIV co-receptor C–C chemokine
receptor 5 (CCR5) gene confers profound resistance to infection
by R5 tropic viruses, and indeed, it has been shown that ∆32 het-
erozygosity is more prevalent among EC or is associated with lower
viral load (Magierowska et al., 1999; International HIV Controllers
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Study et al., 2010). This important notion not only served the field
of antiretroviral therapy development (Gulick et al., 2008), lead-
ing to a pharmacologic intervention to block this receptor, but
was also employed in an outstanding key work in which HIV cure
was achieved by allogeneic bone marrow transplantation in HIV
infected patient with acute leukemia. This patient, known as the
“Berlin patient,”received hematopoietic stem cell (HSC) graft from
a donor homozygous for ∆32 (Hütter et al., 2009) and eventually
achieved sustained undetectable viremia despite discontinuation
of antiretroviral treatment for more than 3 years (Allers et al.,
2011). The same idea is being examined in several studies in which
researchers are trying to artificially induce a deletion in the co-
receptor by genetic engineering using zinc finger nucleases (ZFN)
(Holt et al., 2010). Doing so, researchers were able to disrupt the
CCR5 gene in human HSCs and to engraft them into immunode-
ficient mice. Mice transplanted with ZFN-modified HSC, and later
infected with HIV, underwent rapid selection for CCR5-negative
cells, and showed significantly lower HIV-1 levels in both periph-
eral blood and gut mucosa, as well as restoration of normal levels
of human CD4+ T cell levels throughout their lymphoid tissues.
Examination of this concept in humans is currently underway
(Tebas et al., 2011; Maier et al., 2013).
Additional work is now taking place examining ways to pro-
mote HIV cure, and an international consortium was established
specifically for that purpose (International AIDS Society Scientific
Working Group on HIV Cure et al., 2012). No doubt that insights
learned from the immunology and virology of EC will continue to
provide major support to those efforts. The ideas under examina-
tion that are inspired by EC research include the efforts to induce
strong and effective T cell responses by vaccination [an area that
experienced failures and disappointments (Autran et al., 2008),
but received some positive results recently utilizing dendritic cells
based therapeutic vaccine (García et al., 2013)]. Efforts are also
concentrated on attempts to attack and reduce the viral reservoir,
to eliminate latently infected cells by activation (using IL-7, histone
deacetylase inhibitors, prostratin, and others) in conjunction with
induction of effective cytotoxic responses, in addition to the pre-
viously mentioned ideas. The possibility of identifying a way for
patients to stop antiretroviral treatment and acquire a phenotype
similar to ECs is a great challenge that might have significant clini-
cal, epidemiological, and financial implications, but is not without
risks due to persistent immune activation. Therefore, scientists
and clinicians from different disciplines must continue and work
together to take this important goal forward.
LESSON III – ELITE, BUT IMPERFECT CONTROL – THE ROLE
OF IMMUNE ACTIVATION
Life expectancy in HIV infected individuals has improved dra-
matically since the introduction of highly active antiretroviral
treatment (Bor et al., 2013), but studies show that it is still
compromised compared to matched uninfected controls (Lohse
et al., 2007; Nakagawa et al., 2012). Non-AIDS events among HIV
infected individuals (including malignancies, cardiovascular, liver,
renal, bone disease, and others) are increasingly recognized since
HIV became a chronic condition (Guaraldi et al., 2011), and it
is clear now that undetectable plasma viremia is not sufficient to
prevent such complications. Excess morbidity and mortality in
treatment-suppressed HIV infected individuals were attributed to
multiple etiologies including toxicity of the antiretroviral treat-
ment, higher rates of co-infections (like HCV and HBV), life style
and risk behavior (smoking, drug, and alcohol use), and lower
socioeconomic status. But even after adjustment for those factors,
higher rates of comorbidities were found compared to uninfected
controls, and there is a broad recognition today that a major
cause of that is the deleterious effect of the continuous inflamma-
tion and immune activation described in these patients. Increased
levels of T cell activation (CD38 and HLA-DR), innate immu-
nity activation (CD16 and IL-6 produced by monocytes, IFN-α
by dendritic cells, and others) as well as markers of microbial
translocation (LPS and other microbial products) and impaired
coagulation (d-dimer) were found in chronically infected patients,
both treated and untreated, and were associated with increased
morbidity (Hsue et al., 2012; Marks et al., 2013; Morse et al., 2013)
and mortality (Cozzi-Lepri et al., 2011; Achhra et al., 2012).
In that context, EC serve as an important model to study
immune activation. By eliminating confounding factors present
in other patient populations (the drug toxicity in HAART treated
patients with undetectable viral load, or the influence of the on-
going viremia in chronic untreated patients) researchers were able
to get a better understanding of the pathogenesis and harm caused
by immune activation.
Elevated markers of immune activation and bacterial translo-
cation were found in EC as compared to HAART treated patients
(Hunt et al., 2008, 2011), and these abnormalities were associated
with lower CD4+ cell counts. Excess morbidity from non-AIDS
conditions was also found in EC compared to HAART treated
patients with undetectable viral load. In a recent work, the preva-
lence of coronary atherosclerosis (estimated by coronary CT) was
unexpectedly higher among EC with sustained viral suppression
(no history of viral “blips”) compared to HIV negative individual
or HIV infected patients treated with antiretroviral and main-
taining undetectable viral load (Pereyra et al., 2012). The higher
prevalence of coronary disease was associated with elevated mark-
ers of innate immune activation (sCD163, a marker of monocyte
activation) as well as markers of CD8+ T cells activation (CD38
and HLA-DR). Increased levels of carotid artery intima-media
thickness (another manifestation of accelerated atherosclerosis)
was also found in EC, and was associated with C reactive pro-
tein, a marker of inflammation (Hsue et al., 2009). It has been
shown that EC and viremic controllers (those controlling the
virus to levels below 2000 copies/ml) have high level of collagen
depositions and fibrosis in the gut associated lymphoid tissues,
a feature of immune activation and end-organ damage (Sanchez
et al., 2013). Surprisingly, the degree of collagen deposition was
higher in EC compared to HAART treated patients, uninfected
individuals or to that found in the “Berlin patient,” known to be
cured of HIV. Some other manifestations of immune dysfunctions
were demonstrated in EC. A non-negligible portion (about 10%)
of EC progress to AIDS or show progressive loss of their CD4
despite the undetectable viremia (Hunt et al., 2008). Furthermore,
in studies in which EC initiated HAART for various clinical indi-
cations, CD4+ T cell gain was inferior compared to that achieved
in non-controllers (Okulicz et al., 2010). These findings imply that
despite the impressive control of the plasma viremia in EC, still a
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significant level of immune activation/dysfunction is present and
is associated with various forms of end-organ damage, and might
compromise long-term prognosis.
In addition to the observations of increased immune activation,
the study of EC helped to explore the various etiologies contribut-
ing to its pathogenesis. Like in studies looking at HAART treated
patients with undetectable plasma viremia (Buzón et al., 2010),
data collected in EC showed that continuous viral replication exists
despite the undetectable plasma viremia by standard assays, and
it might play a major role in the pathogenesis of chronic immune
activation. Utilizing ultrasensitive assays it has been shown that
low-level plasma viremia is common in EC, and indeed, 98% of EC
had detectable low-level viremia at some point during prolonged
follow-up (Hatano et al., 2009). Median plasma viral load of 2
copies/ml was found in EC (Pereyra et al., 2009), a level higher than
that usually documented in HAART suppressed patients (Hatano
et al., 2009). Cell associated RNA and persistent cell integrated
DNA were also evident in EC, and replication competent virus
was isolated from these patients (Blankson et al., 2007). Further-
more, some studies have demonstrated that viral evolution occurs
in EC, a clear evidence that on-going replication is taking place
(O’Connell et al., 2010). These findings imply that the immune
system of EC is continuously exposed to low-level release of viral
products, which might trigger the state of continuous immune
activation and chronic inflammation.
Other factors involved in the pathogenesis of immune activa-
tion were described in EC. It is well established that HIV infection
is associated with disruption of the gut mucosal barrier and per-
sistent translocation of bacterial products, which in turn lead to
systemic immune activation (Brenchley et al., 2006; Wallet et al.,
2010). Like in other cohorts of chronically HIV infected individ-
uals, increased markers of microbial translocation were found in
EC (Hunt et al., 2008). In a study that compared EC, HIV negative
individuals, and untreated HIV infected patients, LPS levels were
significantly higher in EC compared to HIV negative controls, and
similar to the levels in untreated patients. These findings were
associated with higher levels of CD8+ T cells activation (Hunt
et al., 2008). Such abnormalities might explain the higher levels
of fibrosis in the gut associated lymphoid tissue of EC, mentioned
before (Sanchez et al., 2013).
To that we should add other conditions that might play a role
in the pathogenesis of immune activation in EC, including co-
infections with other persistent pathogens like HBV and HCV, the
highly effective immune responses in EC that play an important
role in controlling the infection but at the same time might facil-
itate the state of inflammation and immune activation, and other
etiologies yet to be defined.
Vigorous research is taking place these days exploring ways
to minimize or prevent immune activation and its harmful
consequences. The ideas being examined include attempts to
eliminate residual viral replication by treatment intensification
with antiretrovirals (Buzón et al., 2010; Massanella et al., 2013),
interventions to improve gastrointestinal tract integrity (Klatt
et al., 2013) and to eliminate other persistent co-infections,
treatment with non-specific inhibitors of chronic inflammation
like statins, anti-inflammatory agents, anti-cytokine and anti-
chemokine agents, immunosuppression, and others (Rajasuriar
et al., 2013). The study of EC gives important support in that
direction as well, taking advantage of the unique properties of this
group of patients. In a recent report, patients naturally control-
ling HIV (both viremic and ECs) were thoroughly examined after
24 weeks of prospective treatment with combination of three anti-
retroviral drugs (Hatano et al., 2013). This intervention led to a
significant decrease in plasma RNA by ultrasensitive assay, decrease
in markers of T cell activation in blood and the gut, and decrease
in the percentage of PD-1+ CD4+ and CD8+ T cells. This work
demonstrates that significant reduction in immune activation in
controllers is possible by eliminating residual viral replication. It
would be interesting to examine the influence of other treatment
modalities in this group of patients and especially in patients that
effectively control HIV but still progress to AIDS.
CONCLUDING REMARKS
The phenomenon of natural control of HIV inspired many
researchers who take part in the efforts to develop new preven-
tive and therapeutic modalities for HIV. Exploring the impressive
balance between the host and the virus, several new ideas came out
that might serve the field of development and evaluation of new
vaccine candidates and other modalities of immunotherapy, the
field of HIV treatment, and the efforts to eradicate the infection
and to lead to HIV cure. The study of EC taught us few lessons
about the complex network of components that contribute to the
natural control of the virus and the different arms of the immune
system involved. The markers of control identified in EC might
serve as an important and more accurate correlates of protection
in studies of vaccine candidates, and effective immune responses
might be transferred by genetic engineering into subjects not nat-
urally controlling HIV. The study of EC also provided new ideas
and tools to the field of HIV cure research and to the attempts
to achieve HIV eradication, and different ways to induce a state
similar to EC are still being examined. The damage caused by
chronic inflammation and immune activation is increasingly rec-
ognized as an important element compromising the prognosis of
HIV infected individuals, and a model of HIV infected patients
with undetectable viremia and no exposure to antiretroviral med-
ications is an important tool to study the etiology and influence
of these deleterious processes.
As the mechanisms behind natural control of HIV are only par-
tially understood, much effort is still needed to be carried out, and
research must continue in new directions and toward new ideas.
No doubt the findings revealed by these efforts will have a major
impact on the way we treat and prevent HIV in the future.
REFERENCES
Achhra, A. C., Amin, J., Sabin, C.,
Chu, H., Dunn, D., Kuller, L. H.,
et al. (2012). Reclassification of
risk of death with the knowl-
edge of D-dimer in a cohort of
treated HIV-infected individuals.
AIDS 26, 1707–1717. doi:10.
1097/QAD.0b013e328355d659
Addo, M. M., Yu, X. G., Rathod, A.,
Cohen, D., Eldridge, R. L., Strick, D.,
et al. (2003). Comprehensive epitope
analysis of human immunodefi-
ciency virus type 1 (HIV-1)-specific
T-cell responses directed against
the entire expressed HIV-1 genome
demonstrate broadly directed
responses, but no correlation to
viral load. J. Virol. 77, 2081–2092.
doi:10.1128/JVI.77.3.2081-
2092.2003
Allers, K., Hutter, G., Hofmann, J., Lod-
denkemper, C., Rieger, K., Thiel, E.,
et al. (2011). Evidence for the cure
of HIV infection by CCR5∆32/∆32
stem cell transplantation. Blood
117, 2791–2799. doi:10.1182/blood-
2010-09-309591
www.frontiersin.org June 2013 | Volume 4 | Article 162 | 5
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Shasha and Walker Lessons from research of elite controllers
Autran, B., Murphy, R. L., Costagli-
ola, D., Tubiana, R., Clotet, B.,
Gatell, J., et al. (2008). Greater
viral rebound and reduced time
to resume antiretroviral therapy
after therapeutic immunization
with the ALVAC-HIV vaccine
(vCP1452). AIDS 22, 1313–1322.
doi:10.1097/QAD.0b013e3282fdce94
Bacchus, C., Hocqueloux, L., Avettand-
Fenoël, V., Saez-Cirion, A., Mélard,
A., Descours, B., et al. (2012).
“Distribution of the HIV reservoir
in patients spontaneously control-
ling HIV infection after treatment
interruption,” in XIX International
AIDS Conference (AIDS 2012), abstr.
THAA0103, Washington, DC.
Barblu, L., Machmach, K., Gras, C.,
Delfraissy, J. F., Boufassa, F., Leal,
M., et al. (2012). Plasmacytoid den-
dritic cells (pDCs) from HIV con-
trollers produce interferon-alpha
and differentiate into functional
killer pDCs under HIV activa-
tion. J. Infect. Dis. 206, 790–801.
doi:10.1093/infdis/jis384
Barouch, D. H., Liu, J., Li, H., Maxfield,
L. F., Abbink, P., Lynch, D. M., et al.
(2012). Vaccine protection against
acquisition of neutralization-
resistant SIV challenges in rhesus
monkeys. Nature 482, 89–93.
doi:10.1038/nature10766
Barsov, E. V., Trivett, M. T., Minang,
J. T., Sun, H., Ohlen, C., and
Ott, D. E. (2011). Transduction of
SIV-specific TCR genes into rhe-
sus macaque CD8+ T cells con-
veys the ability to suppress SIV
replication. PLoS ONE 6:e23703.
doi:10.1371/journal.pone.0023703
Betts, M. R.,Ambrozak, D. R., Douek, D.
C., Bonhoeffer, S., Brenchley, J. M.,
Casazza, J. P., et al. (2001). Analysis
of total human immunodeficiency
virus (HIV)-specific CD4(+) and
CD8(+) T-cell responses: relation-
ship to viral load in untreated HIV
infection. J. Virol. 75, 11983–11991.
doi:10.1128/JVI.75.24.11983-
11991.2001
Betts, M. R., Nason, M. C., West,
S. M., De Rosa, S. C., Migue-
les, S. A., Abraham, J., et al.
(2006). HIV nonprogressors prefer-
entially maintain highly functional
HIV-specific CD8+ T cells. Blood
107, 4781–4789. doi:10.1182/blood-
2005-12-4818
Blankson, J. N., Bailey, J. R., Thayil,
S., Yang, H. C., Lassen, K., Lai, J.,
et al. (2007). Isolation and charac-
terization of replication-competent
human immunodeficiency virus
type 1 from a subset of elite sup-
pressors. J. Virol. 81, 2508–2518.
doi:10.1128/JVI.02165-06
Bolton, D. L., Minang, J. T., Trivett,
M. T., Song, K., Tuscher, J. J.,
Li, Y., et al. (2010). Trafficking,
persistence, and activation state of
adoptively transferred allogeneic
and autologous simian immunod-
eficiency virus-specific CD8(+) T
cell clones during acute and chronic
infection of rhesus macaques.
J. Immunol. 184, 303–314.
doi:10.4049/jimmunol.0902413
Bor, J., Herbst, A. J., Newell, M. L., and
Barnighausen, T. (2013). Increases in
adult life expectancy in rural South
Africa: valuing the scale-up of HIV
treatment. Science 339, 961–965.
doi:10.1126/science.1230413
Brenchley, J. M., Price, D. A., Schacker,
T. W., Asher, T. E., Silvestri, G.,
Rao, S., et al. (2006). Microbial
translocation is a cause of systemic
immune activation in chronic HIV
infection. Nat. Med. 12, 1365–1371.
doi:10.1038/nm1511
Buchbinder, S. P., Mehrotra, D. V.,
Duerr, A., Fitzgerald, D. W., Mogg,
R., Li, D., et al. (2008). Efficacy
assessment of a cell-mediated
immunity HIV-1 vaccine (the
step study): a double-blind, ran-
domised, placebo-controlled,
test-of-concept trial. Lancet
372, 1881–1893. doi:10.1016/
S0140-6736(08)61591-3
Buckheit, R. W. 3rd, Salgado, M.,
Silciano, R. F., and Blankson, J.
N. (2012). Inhibitory potential of
subpopulations of CD8+ T cells
in HIV-1-infected elite suppres-
sors. J. Virol. 86, 13679–13688.
doi:10.1128/JVI.02439-12
Buzon, M., Seiss, K., Stone, A., Pereyra,
F., Rosenberg, E.,Yu, X., et al. (2012).
“Treatment of early HIV infec-
tion reduces viral reservoir to levels
found in elite controllers,” in Con-
ference on Retroviruses and Oppor-
tunistic Infections (CROI), abstr. 151,
Seattle, WA.
Buzón, M. J., Massanella, M., Llibre,
J. M., Esteve, A., Dahl, V., Puer-
tas, M. C., et al. (2010). HIV-1
replication and immune dynamics
are affected by raltegravir intensifi-
cation of HAART-suppressed sub-
jects. Nat. Med. 16, 460–465.
doi:10.1038/nm.2111
Carrington, M., Nelson, G. W., Mar-
tin, M. P., Kissner, T., Vlahov,
D., Goedert, J. J., et al. (1999).
HLA and HIV-1: heterozygote
advantage and B∗35-Cw∗04 disad-
vantage. Science 283, 1748–1752.
doi:10.1126/science.283.5408.1748
Chen, H., Li, C., Huang, J., Cung,
T., Seiss, K., Beamon, J., et al.
(2011). CD4+ T cells from elite
controllers resist HIV-1 infection
by selective upregulation of p21.
J. Clin. Invest. 121, 1549–1560.
doi:10.1172/JCI44539
Chen, H., Ndhlovu, Z. M., Liu, D.,
Porter, L. C., Fang, J. W., Darko, S.,
et al. (2012). TCR clonotypes mod-
ulate the protective effect of HLA
class I molecules in HIV-1 infec-
tion. Nat. Immunol. 13, 691–700.
doi:10.1038/ni.2342
Cozzi-Lepri, A., French, M. A., Baxter,
J., Okhuysen, P., Plana, M., Neuhaus,
J., et al. (2011). Resumption of HIV
replication is associated with mono-
cyte/macrophage derived cytokine
and chemokine changes: results
from a large international clinical
trial. AIDS 25, 1207–1217. doi:10.
1097/QAD.0b013e3283471f10
Deeks, S. G., and Walker, B. D.
(2007). Human immunodeficiency
virus controllers: mechanisms
of durable virus control in the
absence of antiretroviral ther-
apy. Immunity 27, 406–416.
doi:10.1016/j.immuni.2007.08.010
Dyer, W. B., Zaunders, J. J., Yuan,
F. F., Wang, B., Learmont, J. C.,
Geczy, A. F., et al. (2008). Mech-
anisms of HIV non-progression;
robust and sustained CD4+ T-
cell proliferative responses to p24
antigen correlate with control of
viraemia and lack of disease progres-
sion after long-term transfusion-
acquired HIV-1 infection. Retro-
virology 5, 112. doi:10.1186/1742-
4690-5-112
Fellay, J., Shianna, K. V., Ge, D.,
Colombo, S., Ledergerber, B.,
Weale, M., et al. (2007). A whole-
genome association study of major
determinants for host control
of HIV-1. Science 317, 944–947.
doi:10.1126/science.1143767
Ferre, A. L., Hunt, P. W., McConnell,
D. H., Morris, M. M., Garcia, J.
C., Pollard, R. B., et al. (2010).
HIV controllers with HLA-
DRB1∗13 and HLA-DQB1∗06
alleles have strong, polyfunc-
tional mucosal CD4+ T-cell
responses. J. Virol. 84, 11020–11029.
doi:10.1128/JVI.00980-10
Fortuny, C., Noguera-Julian, A., Alsina,
L., Bellido, R., Sánchez, E., Muñoz-
Almagro, C., et al. (2011). Impact of
CD4 T cell count on the outcome of
planned treatment interruptions in
early-treated human immunodefi-
ciency virus-infected children. Pedi-
atr. Infect. Dis. J. 30, 435–438.
doi:10.1097/INF.0b013e3181ff8661
García, F., Climent, N., Guardo, A.
C., Gil, C., León, A., Autran,
B., et al. (2013). A dendritic
cell-based vaccine elicits T
cell responses associated with
control of HIV-1 replication.
Sci. Transl. Med. 5, 166ra2.
doi:10.1126/scitranslmed.3004682
Graf, E. H., Mexas, A. M., Yu, J. J.,
Shaheen, F., Liszewski, M. K., Di
Mascio, M., et al. (2011). Elite sup-
pressors harbor low levels of inte-
grated HIV DNA and high levels
of 2-LTR circular HIV DNA com-
pared to HIV+ patients on and off
HAART. PLoS Pathog. 7:e1001300.
doi:10.1371/journal.ppat.1001300
Guaraldi, G., Orlando, G., Zona, S.,
Menozzi, M., Carli, F., Garlassi, E.,
et al. (2011). Premature age-related
comorbidities among HIV-infected
persons compared with the gen-
eral population. Clin. Infect. Dis. 53,
1120–1126. doi:10.1093/cid/cir627
Gulick, R. M., Lalezari, J., Goodrich,
J., Clumeck, N., DeJesus, E., Hor-
ban, A., et al. (2008). Maraviroc
for previously treated patients
with R5 HIV-1 infection. N.
Engl. J. Med. 359, 1429–1441.
doi:10.1056/NEJMoa0803152
Hansen, S. G., Ford, J. C., Lewis, M.
S., Ventura, A. B., Hughes, C. M.,
Coyne-Johnson, L., et al. (2011).
Profound early control of highly
pathogenic SIV by an effector mem-
ory T-cell vaccine. Nature 473,
523–527. doi:10.1038/nature10003
Hansen, S. G., Vieville, C., Whizin,
N., Coyne-Johnson, L., Siess, D.
C., Drummond, D. D., et al.
(2009). Effector memory T cell
responses are associated with pro-
tection of rhesus monkeys from
mucosal simian immunodeficiency
virus challenge. Nat. Med. 15,
293–299. doi:10.1038/nm.1935
Hatano, H., Delwart, E. L., Norris, P. J.,
Lee, T. H., Dunn-Williams, J., Hunt,
P. W., et al. (2009). Evidence for per-
sistent low-level viremia in individ-
uals who control human immun-
odeficiency virus in the absence of
antiretroviral therapy. J. Virol. 83,
329–335. doi:10.1128/JVI.01763-08
Hatano, H., Yukl, S., Ferre, A., Sin-
clair, E., Hunt, P., Bacchetti, P., et al.
(2013). “Prospective ART of asymp-
tomatic HIV+ controllers,” in Con-
ference on Retroviruses and Oppor-
tunistic Infections (CROI) 2013,
abstr. 75LB, Atlanta, GA.
Hocqueloux, L., Prazuck, T., Avettand-
Fenoel, V., Lafeuillade, A., Cardon,
B., Viard, J. P., et al. (2010). Long-
term immunovirologic control fol-
lowing antiretroviral therapy inter-
ruption in patients treated at the
time of primary HIV-1 infection.
AIDS 24, 1598–1601. doi:10.1097/
QAD.0b013e32833b61ba
Hofmann, C., Höfflin, S., Hückelhoven,
A., Bergmann, S., Harrer, E., Schuler,
Frontiers in Immunology | HIV and AIDS June 2013 | Volume 4 | Article 162 | 6
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Shasha and Walker Lessons from research of elite controllers
G., et al. (2011). Human T cells
expressing two additional recep-
tors (TETARs) specific for HIV-
1 recognize both epitopes. Blood
118, 5174–5177. doi:10.1182/blood-
2011-04-347005
Holt, N., Wang, J., Kim, K., Fried-
man, G., Wang, X., Taupin, V.,
et al. (2010). Human hematopoi-
etic stem/progenitor cells modi-
fied by zinc-finger nucleases tar-
geted to CCR5 control HIV-1
in vivo. Nat. Biotechnol. 28, 839–847.
doi:10.1038/nbt.1663
Hsue, P. Y., Hunt, P. W., Schnell,
A., Kalapus, S. C., Hoh, R.,
Ganz, P., et al. (2009). Role
of viral replication, antiretrovi-
ral therapy, and immunodeficiency
in HIV-associated atherosclerosis.
AIDS 23, 1059–1067. doi:10.1097/
QAD.0b013e32832b514b
Hsue, P. Y., Scherzer, R., Hunt, P.
W., Schnell, A., Bolger, A. F., Kala-
pus, S. C., et al. (2012). Carotid
intima-media thickness progression
in HIV-infected adults occurs pref-
erentially at the carotid bifurca-
tion and is predicted by inflamma-
tion. J. Am. Heart Assoc. 1, 1–12.
doi:10.1161/JAHA.111.000422
Huang, J., Burke, P. S., Cung,
T. D., Pereyra, F., Toth, I.,
Walker, B. D., et al. (2010).
Leukocyte immunoglobulin-
like receptors maintain unique
antigen-presenting properties
of circulating myeloid dendritic
cells in HIV-1-infected elite con-
trollers. J. Virol. 84, 9463–9471.
doi:10.1128/JVI.01009-10
Hunt, P. W., Brenchley, J., Sinclair,
E., McCune, J. M., Roland, M.,
Page-Shafer, K., et al. (2008). Rela-
tionship between T cell activation
and CD4+ T cell count in HIV-
seropositive individuals with unde-
tectable plasma HIV RNA levels in
the absence of therapy. J. Infect. Dis.
197, 126–133. doi:10.1086/524143
Hunt, P. W., Landay, A. L., Sinclair, E.,
Martinson, J. A., Hatano, H., Emu,
B., et al. (2011). A low T regula-
tory cell response may contribute
to both viral control and gener-
alized immune activation in HIV
controllers. PLoS ONE 6:e15924.
doi:10.1371/journal.pone.0015924
Hütter, G., Nowak, D., Mossner, M.,
Ganepola, S., Müssig, A., Allers, K.,
et al. (2009). Long-term control
of HIV by CCR5 Delta32/Delta32
stem-cell transplantation. N.
Engl. J. Med. 360, 692–698.
doi:10.1056/NEJMoa0802905
International AIDS Society Scientific
Working Group on HIV Cure,
Deeks, S. G., Autran, B., Berkhout,
B., Benkirane, M., Cairns, S.,
et al. (2012). Towards an HIV
cure: a global scientific strategy.
Nat. Rev. Immunol. 12, 607–614.
doi:10.1038/nri3262
International HIV Controllers Study,
Pereyra, F., Jia, X., McLaren, P.
J., Telenti, A., de Bakker, P. I.,
et al. (2010). The major genetic
determinants of HIV-1 control
affect HLA class I peptide pre-
sentation. Science 330, 1551–1557.
doi:10.1126/science.1195271
Jin, X., Bauer, D. E., Tuttleton, S.
E., Lewin, S., Gettie, A., Blan-
chard, J., et al. (1999). Dra-
matic rise in plasma viremia
after CD8(+) T cell depletion
in simian immunodeficiency virus-
infected macaques. J. Exp. Med. 189,
991–998. doi:10.1084/jem.189.6.991
Joseph, A., Zheng, J. H., Follenzi, A.,
Dilorenzo, T., Sango, K., Hyman,
J., et al. (2008). Lentiviral vectors
encoding human immunodeficiency
virus type 1 (HIV-1)-specific T-
cell receptor genes efficiently con-
vert peripheral blood CD8 T lym-
phocytes into cytotoxic T lympho-
cytes with potent in vitro and
in vivo HIV-1-specific inhibitory
activity. J. Virol. 82, 3078–3089.
doi:10.1128/JVI.01812-07
Julg, B., Pereyra, F., Buzón, M. J.,
Piechocka-Trocha, A., Clark, M. J.,
Baker, B. M., et al. (2010). Infre-
quent recovery of HIV from but
robust exogenous infection of acti-
vated CD4(+) T cells in HIV elite
controllers. Clin. Infect. Dis. 51,
233–238. doi:10.1086/653677
Kaufmann, D. E., Lichterfeld, M., Alt-
feld, M., Addo, M. M., John-
ston, M. N., Lee, P. K., et al.
(2004). Limited durability of viral
control following treated acute
HIV infection. PLoS Med. 1:e36.
doi:10.1371/journal.pmed.0010036
Klatt, N. R., Canary, L. A., Sun, X.,
Vinton, C. L., Funderburg, N. T.,
Morcock, D. R., et al. (2013). Pro-
biotic/prebiotic supplementation of
antiretrovirals improves gastroin-
testinal immunity in SIV-infected
macaques. J. Clin. Invest. 123,
903–907. doi:10.1172/JCI66227
Kosmrlj, A., Read, E. L., Qi, Y., Allen,
T. M., Altfeld, M., Deeks, S. G., et
al. (2010). Effects of thymic selec-
tion of the T-cell repertoire on
HLA class I-associated control of
HIV infection. Nature 465, 350–354.
doi:10.1038/nature08997
Ladell, K., Hashimoto, M., Igle-
sias, M. C., Wilmann, P. G.,
McLaren, J. E., Gras, S., et al.
(2013). A molecular basis for
the control of preimmune escape
variants by HIV-specific CD8+
T cells. Immunity 38, 425–436.
doi:10.1016/j.immuni.2012.11.021
Lambotte, O., Ferrari, G., Moog, C.,
Yates, N. L., Liao, H. X., Parks, R.
J., et al. (2009). Heterogeneous
neutralizing antibody and antibody-
dependent cell cytotoxicity
responses in HIV-1 elite controllers.
AIDS 23, 897–906. doi:10.1097/
QAD.0b013e328329f97d
Lieberman, J., Skolnik, P. R., Park-
erson, G. R. 3rd, Fabry, J. A.,
Landry, B., Bethel, J., et al.
(1997). Safety of autologous,
ex vivo-expanded human immun-
odeficiency virus (HIV)-specific
cytotoxic T-lymphocyte infusion
in HIV-infected patients. Blood 90,
2196–2206.
Lohse, N., Hansen, A. B., Pedersen, G.,
Kronborg, G., Gerstoft, J., Sørensen,
H. T., et al. (2007). Survival of per-
sons with and without HIV infection
in Denmark, 1995-2005. Ann. Intern.
Med. 146, 87–95. doi:10.7326/0003-
4819-146-2-200701160-00003
Magierowska, M., Theodorou, I., Debré,
P., Sanson, F., Autran, B., Rivière,
Y., et al. (1999). Combined geno-
types of CCR5, CCR2, SDF1, and
HLA genes can predict the long-
term nonprogressor status in human
immunodeficiency virus-1-infected
individuals. Blood 93, 936–941.
Maier, D. A., Brennan, A. L., Jiang,
S., Binder-Scholl, G. K., Lee, G.,
Plesa, G., et al. (2013). Efficient
clinical scale gene modification via
zinc finger nuclease-targeted disrup-
tion of the HIV co-receptor CCR5.
Hum. Gene Ther. 24, 245–258.
doi:10.1089/hum.2012.172
Marks, M. A., Rabkin, C. S., Engels,
E. A., Busch, E., Kopp, W., Rager,
H., et al. (2013). Markers of
microbial translocation and risk
of AIDS-related lymphoma.
AIDS 27, 469–474. doi:10.1097/
QAD.0b013e32835c1333
Massanella, M., Esteve, A., Buzón,
M. J., Llibre, J. M., Puertas, M.
C., Gatell, J. M., et al. (2013).
Dynamics of CD8 T-cell activa-
tion after discontinuation of HIV
treatment intensification. J. Acquir.
Immune Defic. Syndr. 63, 152–160.
doi:10.1097/QAI.0b013e318289439a
McElrath, M. J., De Rosa, S. C., Moodie,
Z., Dubey, S., Kierstead, L., Janes, H.,
et al. (2008). HIV-1 vaccine-induced
immunity in the test-of-concept step
study: a case-cohort analysis. Lancet
372, 1894–1905. doi:10.1016/S0140-
6736(08)61592-5
Migueles, S. A., Laborico, A. C., Shu-
pert, W. L., Sabbaghian, M. S.,
Rabin, R., Hallahan, C. W., et al.
(2002). HIV-specific CD8+ T cell
proliferation is coupled to perforin
expression and is maintained in
nonprogressors. Nat. Immunol. 3,
1061–1068. doi:10.1038/ni845
Migueles, S. A., Osborne, C. M., Royce,
C., Compton, A. A., Joshi, R. P.,
Weeks, K. A., et al. (2008). Lytic
granule loading of CD8+ T cells
is required for HIV-infected cell
elimination associated with immune
control. Immunity 29, 1009–1021.
doi:10.1016/j.immuni.2008.10.010
Migueles, S. A., Sabbaghian, M. S., Shu-
pert, W. L., Bettinotti, M. P., Marin-
cola, F. M., Martino, L., et al. (2000).
HLA B∗5701 is highly associated
with restriction of virus replication
in a subgroup of HIV-infected long
term nonprogressors. Proc. Natl.
Acad. Sci. U.S.A. 97, 2709–2714.
doi:10.1073/pnas.050567397
Miura, T., Brockman, M. A., Schnei-
dewind, A., Lobritz, M., Pereyra,
F., Rathod, A., et al. (2009). HLA-
B57/B∗5801 human immunodefi-
ciency virus type 1 elite controllers
select for rare gag variants asso-
ciated with reduced viral replica-
tion capacity and strong cytotoxic
T-lymphocyte [corrected] recog-
nition. J. Virol. 83, 2743–2755.
doi:10.1128/JVI.00579-09
Miura, T., Brumme, Z. L., Brockman,
M. A., Rosato, P., Sela, J., Brumme,
C. J., et al. (2010). Impaired replica-
tion capacity of acute/early viruses
in persons who become HIV con-
trollers. J. Virol. 84, 7581–7591.
doi:10.1128/JVI.00286-10
Morse, C. G., Dodd, L. E., Nghiem, K.,
Costello, R., Csako, G., Lane, H. C.,
et al. (2013). Elevations in D-dimer
and C-reactive protein are associated
with the development of osteonecro-
sis of the hip in HIV-infected
adults. AIDS 27, 591–595. doi:10.
1097/QAD.0b013e32835c206a
Nakagawa, F., Lodwick, R. K., Smith, C.
J., Smith, R., Cambiano, V., Lund-
gren, J. D., et al. (2012). Pro-
jected life expectancy of people with
HIV according to timing of diag-
nosis. AIDS 26, 335–343. doi:10.
1097/QAD.0b013e32834dcec9
Ndhlovu, Z. M., Chibnik, L. B., Proud-
foot, J., Vine, S., McMullen, A., Cesa,
K., et al. (2012a). High-dimensional
immune monitoring models of HIV-
1-specific CD8 T cell responses
accurately identify subjects achiev-
ing spontaneous viral control. Blood
121, 801–811. doi:10.1182/blood-
2012-06-436295
Ndhlovu, Z. M., Proudfoot, J., Cesa,
K., Alvino, D. M., McMullen, A.,
Vine, S., et al. (2012b). Elite con-
trollers with low to absent effector
www.frontiersin.org June 2013 | Volume 4 | Article 162 | 7
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Shasha and Walker Lessons from research of elite controllers
CD8+ T cell responses maintain
highly functional, broadly directed
central memory responses. J. Virol.
86, 6959–6969. doi:10.1128/JVI.00
531-12
O’Connell, K. A., Brennan, T. P., Bai-
ley, J. R., Ray, S. C., Siliciano, R. F.,
and Blankson, J. N. (2010). Control
of HIV-1 in elite suppressors despite
ongoing replication and evolution in
plasma virus. J. Virol. 84, 7018–7028.
doi:10.1128/JVI.00548-10
Okulicz, J. F., Grandits, G. A., Wein-
trob, A. C., Landrum, M. L., Gane-
san, A., Crum-Cianflone, N. F., et
al. (2010). CD4 T cell count recon-
stitution in HIV controllers after
highly active antiretroviral therapy.
Clin. Infect. Dis. 50, 1187–1191.
doi:10.1086/651421
Pereyra, F., Lo, J., Triant, V. A.,
Wei, J., Buzon, M. J., Fitch, K.
V., et al. (2012). Increased coro-
nary atherosclerosis and immune
activation in HIV-1 elite con-
trollers. AIDS 26, 2409–2412. doi:10.
1097/QAD.0b013e32835a9950
Pereyra, F., Palmer, S., Miura, T., Block,
B. L., Wiegand, A., Rothchild, A. C.,
et al. (2009). Persistent low-level
viremia in HIV-1 elite controllers
and relationship to immuno-
logic parameters. J. Infect. Dis.
200, 984–990. doi:10.1086/60
5446
Persaud, D., Gay, H., Ziemniak, C.,
Chen, Y. H., Piatak, M., Chun, T.-W.,
et al. (2013). “Functional HIV cure
after very early ART of an infected
infant,” in Conference on Retroviruses
and Opportunistic Infections, CROI
2013, Atlanta, GA.
Priddy, F. H., Brown, D., Kublin,
J., Monahan, K., Wright, D. P.,
Lalezari, J., et al. (2008). Safety and
immunogenicity of a replication-
incompetent adenovirus type 5
HIV-1 clade B gag/pol/nef vaccine in
healthy adults. Clin. Infect. Dis. 46,
1769–1781. doi:10.1086/587993
Rajasuriar, R., Khoury, G., Kamarulza-
man, A., French, M. A., Cameron,
P. U., and Lewin, S. R. (2013).
Persistent immune activation
in chronic HIV infection: do
any interventions work? AIDS
27, 1199–1208. doi:10.1097/
QAD.0b013e32835ecb8b
Sáez-Cirión, A., Hamimi, C., Bergam-
aschi, A., David, A., Versmisse, P.,
Mélard, A., et al. (2011). Restriction
of HIV-1 replication in macrophages
and CD4+ T cells from HIV
controllers. Blood 118, 955–964.
doi:10.1182/blood-2010-12-327106
Sáez-Cirión, A., Lacabaratz, C., Lam-
botte, O., Versmisse, P., Urrutia,
A., Boufassa, F., et al. (2007).
HIV controllers exhibit potent
CD8 T cell capacity to sup-
press HIV infection ex vivo and
peculiar cytotoxic T lymphocyte
activation phenotype. Proc. Natl.
Acad. Sci. U.S.A. 104, 6776–6781.
doi:10.1073/pnas.0611244104
Sanchez, J., Hunt, P., Jessurun, J.,
Rothenberger, M., Reilly, C., Jasurda,
J., et al. (2013). “Persistent abnor-
malities of lymphoid structures in
HIV viremic controllers,” in Confer-
ence on Retroviruses and Opportunis-
tic Infections (CROI) 2013, abstr. 74,
Atlanta, GA.
Schmitz, J. E., Kuroda, M. J., Santra,
S., Sasseville, V. G., Simon, M. A.,
Lifton, M. A., et al. (1999). Con-
trol of viremia in simian immunod-
eficiency virus infection by CD8+
lymphocytes. Science 283, 857–860.
doi:10.1126/science.283.5403.857
Shiver, J. W., Fu, T. M., Chen, L.,
Casimiro, D. R., Davies, M.
E., Evans, R. K., et al. (2002).
Replication-incompetent adenovi-
ral vaccine vector elicits effective
anti-immunodeficiency-virus
immunity. Nature 415, 331–335.
doi:10.1038/415331a
Tan, R., Xu, X., Ogg, G. S., Hansasuta, P.,
Dong, T., Rostron, T., et al. (1999).
Rapid death of adoptively trans-
ferred T cells in acquired immun-
odeficiency syndrome. Blood 93,
1506–1510.
Tebas, P., Levine, B., Binder, G., Hoxie,
J., Collman, R., Gregory, P., et al.
(2011). “Disruption of CCR5 in zinc
finger nuclease-treated CD4 T cells:
phase I trials,” in Conference on
Retroviruses and Opportunistic Infec-
tions (CROI) 2011, Boston, MA.
van Grevenynghe, J., Procopio, F. A., He,
Z., Chomont, N., Riou, C., Zhang,
Y., et al. (2008). Transcription factor
FOXO3a controls the persistence of
memory CD4(+) T cells during HIV
infection. Nat. Med. 14, 266–274.
doi:10.1038/nm1728
Varela-Rohena, A., Molloy, P. E., Dunn,
S. M., Li, Y., Suhoski, M. M., Car-
roll, R. G., et al. (2008). Control
of HIV-1 immune escape by CD8
T cells expressing enhanced T-cell
receptor. Nat. Med. 14, 1390–1395.
doi:10.1038/nm.1779
Vieillard, V., Fausther-Bovendo, H.,
Samri, A., and Debre, P. (2010).
Specific phenotypic and func-
tional features of natural killer
cells from HIV-infected long-
term nonprogressors and HIV
controllers. J. Acquir. Immune
Defic. Syndr. 53, 564–573.
doi:10.1097/QAI.0b013e3181d0c5b4
Vingert, B., Perez-Patrigeon, S., Jean-
nin, P., Lambotte, O., Boufassa,
F., Lemaître, F., et al. (2010).
HIV controller CD4+ T cells
respond to minimal amounts of
gag antigen due to high TCR
avidity. PLoS Pathog. 6:e1000780.
doi:10.1371/journal.ppat.1000780
Walker, B. D., Ahmed, R., and Plotkin,
S. (2011). Moving ahead an HIV
vaccine: use both arms to beat
HIV. Nat. Med. 17, 1194–1195.
doi:10.1038/nm.2529
Wallet, M. A., Rodriguez, C. A., Yin,
L., Saporta, S., Chinratanapisit, S.,
Hou, W., et al. (2010). Microbial
translocation induces persistent
macrophage activation unre-
lated to HIV-1 levels or T-cell
activation following therapy.
AIDS 24, 1281–1290. doi:10.
1097/QAD.0b013e328339e228
West, E. E., Youngblood, B., Tan, W.
G., Jin, H. T., Araki, K., Alexe, G.,
et al. (2011). Tight regulation of
memory CD8(+) T cells limits
their effectiveness during sustained
high viral load. Immunity 35,
285–298. doi:10.1016/j.immuni.
2011.05.017
Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.
Received: 20 April 2013; accepted: 29 May
2013; published online: 25 June 2013.
Citation: Shasha D and Walker BD
(2013) Lessons to be learned from nat-
ural control of HIV – future direc-
tions, therapeutic, and preventive impli-
cations. Front. Immunol. 4:162. doi:
10.3389/fimmu.2013.00162
This article was submitted to Frontiers in
HIV and AIDS, a specialty of Frontiers in
Immunology.
Copyright © 2013 Shasha and Walker.
This is an open-access article distributed
under the terms of the Creative Com-
mons Attribution License, which per-
mits use, distribution and reproduction
in other forums, provided the original
authors and source are credited and sub-
ject to any copyright notices concerning
any third-party graphics etc.
Frontiers in Immunology | HIV and AIDS June 2013 | Volume 4 | Article 162 | 8
